Cryptococcus neoformans is an environmental fungus and an opportunistic human pathogen. Previous studies have demonstrated major alterations in its transcriptional profile as this microorganism enters the hostile environment of the human host. To assess the role of chromatin remodeling in host-induced transcriptional responses, we identified the C. neoformans Gcn5 histone acetyltransferase and demonstrated its function by complementation studies of Saccharomyces cerevisiae. The C. neoformans gcn5⌬ mutant strain has defects in high-temperature growth and capsule attachment to the cell surface, in addition to increased sensitivity to FK506 and oxidative stress. Treatment of wild-type cells with the histone acetyltransferase inhibitor garcinol mimics cellular effects of the gcn5⌬ mutation. Gcn5 regulates the expression of many genes that are important in responding to the specific environmental conditions encountered by C. neoformans inside the host. Accordingly, the gcn5⌬ mutant is avirulent in animal models of cryptococcosis. Our study demonstrates the importance of chromatin remodeling by the conserved histone acetyltransferase Gcn5 in regulating the expression of specific genes that allow C. neoformans to respond appropriately to the human host.
Microorganisms must rapidly induce and repress various transcriptional networks in order to adapt to the stressful conditions of the infected host. One aspect of this rapid transcriptional response is the ability to remodel chromatin, allowing transcription factors access to the promoters of important stress response genes. Acetylation of specific lysine residues of histone proteins is one mechanism for chromatin remodeling that leads to altered transcription (62) . Acetylated histones are preferentially associated with regions of active transcription, and they are thought to recruit the assembly of transcriptional complexes (for reviews, see references 5 and 31). Mutation of histone proteins to prevent acetylation results in defects in transcription and cell growth (32, 39, 58, 68) . In eukaryotes, histone proteins are acetylated by the Gcn5 protein as part of larger, multisubunit, chromatin remodeling complexes (11, 19, 31, 55) .
These large histone acetyltransferase complexes are recruited to specific gene promoters to modify local chromatin structure and thus regulate transcription. In the budding yeast Saccharomyces cerevisiae, the Spt3-Ada2-Gcn5 (SAGA) complex is involved in global transcriptional regulation. However, further studies of SAGA function, through mapping the localization of the complex to specific loci, have shown that binding is enriched at particular stress-responsive genes. In S. cerevisiae, Gcn5 is involved in regulating transcriptional responses to common environmental stresses, such as high temperature, oxidative damage, high osmolarity, and nutrient deprivation. In the fission yeast Schizosaccharomyces pombe, Gcn5 is involved in a narrower group of stress responses and plays an important role in resistance to salt. Microarray studies of both of these species revealed that acetylation by the SAGA complex is able to remodel the chromatin to transcriptionally regulate genes important for responding to environmental stresses and that these genes tend to be coordinately regulated (33) .
Cryptococcus neoformans is an opportunistic human fungal pathogen that causes meningoencephalitis in immunocompromised hosts. Inside the host, C. neoformans lives extracellularly as well as within phagocytic cells. One way in which it responds to these varied stresses is by inducing important virulence factors such as the antioxidant melanin and antiphagocytic polysaccharide capsule (1, 18, 69) . It also adapts to grow under conditions of high temperature, oxidative stress, high concentrations of salt, human physiological pH, and high levels of CO 2 . Previous work with C. neoformans determined that the Gpa1/cyclic AMP (cAMP) and Hog1/mitogen-activated protein kinase (MAPK) pathways, among others, are important in regulating responses to these common stresses by leading to the transcriptional activation of stress-related genes (35) . However, the role of chromatin remodeling in the transcriptional response of C. neoformans to stress is still unknown. Therefore, in this work we examine the function of C. neoformans Gcn5 (CnGcn5) in adaptation to the host environment, paying particular attention to its role in transcriptional regulation of host stress response genes. We demonstrate that histone acetyltransferase activity is necessary for the C. neoformans response to specific conditions associated with the host environment, and it is therefore essential for virulence.
MATERIALS AND METHODS
Strains and media. C. neoformans and S. cerevisiae strains used in this study are listed in Table S2 in the supplemental material. All C. neoformans mutants were created in the H99 background unless otherwise stated. Strains were maintained on rich medium (1% yeast extract, 2% peptone, 2% dextrose [YPD] ), and selective media contained either nourseothricin (100 mg/liter; Werner Bio-Agents, Jena-Cospeda, Germany) or neomycin (G418) (200 mg/liter; Clontech, Takara-Bio Inc.). Niger seed medium was made as previously described (37) . Stress media were created by adding 44.1 g calcium chloride, 8.4 g lithium chloride, 111.8 g potassium chloride, 9.71 g caffeine, 0.1 g SDS, or 87.6 g sodium chloride to 1 liter of rich medium before autoclaving.
Molecular biology techniques. Standard techniques for Southern hybridization were performed as described previously (56) . C. neoformans genomic DNA for Southern blot analysis was prepared using cetyltrimethylammonium bromide (CTAB) phenol-chloroform extraction as described previously (50) .
Gene disruption. The wild-type GCN5 allele was mutated by precisely replacing the entire open reading frame with a nourseothricin (Nat) resistance allele (40) . The gcn5::nat resistance allele was created by using PCR overlap extension and biolistically transformed into the H99 strain, using previously described methods (23, 40, 60) . Several independent gcn5⌬ mutant colonies had identical phenotypes in vitro and showed deletion of the gene by PCR. The TOC1 strain was chosen for further study, and Southern blot analysis confirmed deletion of the GCN5 allele.
To reconstitute the gcn5⌬ mutant strain with the wild-type allele, the GCN5 locus was amplified from H99 genomic DNA and biolistically cotransformed into the gcn5⌬ strain with a separately amplified neomycin resistance allele to create strain TOC3, as previously described (28) . The wild-type GCN5 allele was amplified with primers 5Ј ATGGTACCAGCAATGAAGAC 3Ј and 3Ј AAAGGA TGCAGGTGAACTTA 5Ј, and the neomycin allele was amplified with the M13 forward and reverse primers from the plasmid pJAF1 (23) . The reconstituted strain was tested by PCR for the presence of the wild-type allele and for reversion of phenotypes.
Capsule induction and blotting. To induce capsule for India ink visualization, cells were incubated in Dulbecco's modified Eagle's medium (DMEM) plus 22 mM sodium bicarbonate at 30°C with shaking for 24 h to remove high-temperature effects. Cells were also incubated under the standard capsule-inducing conditions of DMEM plus 22 mM sodium bicarbonate at 37°C with 5% CO 2 for 72 h (30) . Estimation of shed exopolysaccharide was determined using a technique adapted from the work of Yoneda and Doering (65) . Conditioned medium was created by incubating cells to saturation at 30°C in DMEM plus 22 mM sodium bicarbonate for 1 week before incubating them at 70°C for 15 min, centrifuging them at 1,600 ϫ g for 3 min, and sterile filtering them with a 0.2-m filter. Fifteen microliters of conditioned medium was run on a 0.6% agarose gel for 17 h at 25 V and then transferred to a nylon membrane using Southern blot techniques. The membrane was air dried, blocked in Tris-buffered saline plus Tween (TBS-T) and 5% milk, and probed with monoclonal antibody (MAb) 18b7 (1/1,000 dilution) (12) . The membrane was then washed with TBS-T, incubated with an anti-mouse peroxidase-conjugated secondary antibody (1/ 25,000 dilution; Jackson Labs), washed with TBS-T, and detected using SuperSignal West Dura substrate (Thermo Scientific).
MIC/stress sensitivity testing. In vitro susceptibility tests of C. neoformans strains and determinations of MICs were performed by the National Committee for Clinical Laboratory Standards (NCCLS) broth macrodilution method (42) . FK506 growth inhibition assay was performed by incubating C. neoformans in YPD medium at 30°C with 2, 1, 0.5, 0.25, 0.125, 0.06, 0.03, and 0 g/ml FK506. The fluconazole growth inhibition assay was performed at 80-, 40-, 20-, 10-, 5-, 2.5-, 1.25-, and 0-g/ml concentrations. Drug dilutions and inoculum preparation were done by the NCCLS criteria (42) . Cell density was read with a hemocytometer and a spectrophotometer (optical density at 600 nm [OD 600 ]).
The fungal growth inhibition assay for garcinol was performed at 0, 0.5, 1.0, and 5.0 M drug concentrations in YPD at 37°C without shaking. The growth curve for garcinol was performed at 0.8 M in YPD at 37°C with shaking at 200 rpm. The growth curve for anacardic acid was performed at 10 M in YPD at 37°C with shaking and assessment of OD 600 at 2, 4, 6, and 8 h.
Reactive oxygen species (ROS) killing assay was performed in two manners. First, disc diffusion assays were performed by adding 5 l of 30% hydrogen peroxide to cotton diffusion discs on yeast nitrogen base (YNB) medium inoculated with the C. neoformans strains, according to the standard methods. To asses the relative inhibitory effect of hydrogen peroxide on actively growing cells, we incubated the various strains with DMEM plus 22 mM sodium bicarbonate in an overnight culture, diluted the mixture to 5 ml of 2 ϫ 10 6 cells/ml in DMEM, and added 5 mM hydrogen peroxide. Strains were incubated with hydrogen peroxide for 3 h, and then 1 ml of the culture was plated onto YPD and colonies were counted after 48 h (67) . Survival was determined by comparison to cells incubated without hydrogen peroxide. Sensitivity to high temperature, salts, or cell wall stressors was determined by plating 5 l of 5-fold serial dilutions.
GFP fusion. We created a green fluorescent protein (GFP)-Gcn5 fusion protein by cloning the Gcn5 coding sequence and terminator region into pCN50 (46) to create pTO1. The coding sequence and the terminator region of Gcn5 were amplified by using primers modified with BamHI sites, 5Ј-GCTGAGGATCCA TGGCGCCAAAACCACGTCGTGC-3Ј and 5Ј-GCTGAGGATCCTAATTGC CCGTAAGCTCGAA-3Ј, and then cloned into the pCN50 plasmid to create a GFP-Gcn5 fusion protein under the constitutive histone H3 promoter (46) . pTO1 was then biolistically transformed into the TOC1 gcn5⌬ mutant strain background to create strain TOC9.
Microscopy. Bright-field, differential interference contrast (DIC) microscopy, and fluorescent images were captured with a Zeiss Axio Imager.A1 fluorescent microscope equipped with an AxioCam mrM digital camera. To visualize capsule, cells were grown under inducing conditions and then stained with India ink on glass slides. Images were collected at a magnification of ϫ63. To visualize GFP and 4Ј,6-diamidino-2-phenylindole (DAPI), cells were incubated in ice-cold methanol for 1 min, washed three times in phosphate-buffered saline (PBS), and stained with DAPI before images were collected at a magnification of ϫ63, using a 488-nm wavelength for GFP fluorescence and a 350-nm wavelength for DAPI.
RNA and cDNA preparation. Strains were incubated to mid-logarithmic phase in 5 ml of YPD and then washed three times with sterile water before being incubated in DMEM for 3 h. Cells were washed three times before centrifugation, freezing on dry ice, and lyophilization. RNA was prepared from lyophilized samples using the RNeasy kit (Qiagen). Twenty microliters of 1-g/l RNA was submitted to the Duke University Microarray Core Facility. cDNA for real-time PCR was generated using RETROscript (Ambion) using oligo(dT) primer. Quantitative real-time PCR was performed as previously described, using the constitutive GPD1 gene to normalize the samples (46) .
Microarray and data analysis. The microarray used in this study was developed by the Cryptococcus Community Microarray Consortium with financial support from individual researchers and the Burroughs Wellcome Fund (http: //genome.wustl.edu/services/microarray/cryptococcus_neoformans). RNA labeling and hybridization were performed by the Duke University Microarray Core Facility according to their established protocols for custom spotted arrays (16, 46) . Data were analyzed using JMP genomics v. 4.1 (SAS Institute, Cary, NC), and initial background subtraction was performed. We used analysis of variance (ANOVA) normalization and false discovery rate (FDR) analysis to calculate differences between treatment effects for pairs of inducing conditions. Genes were considered for further evaluation if they had log 2 -transformed fold changes greater than 2-fold with a P value of Ͻ0.001 (16, 64) .
The .gal file for the Cryptococcus version 2 microarray contains probes specific for serotype A and D strains of C. neoformans. Cryptococcus genome annotation for probes specific for serotype D strains JEC21 and B3501 was obtained from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih .gov/). Cryptococcus genome annotation for probes specific for serotype A strain H99 was obtained from the Broad Institute (http://www.broadinstitute.org/). Chromosome coordinates for individual C. neoformans serotype D probes are genome Build 2 Version 1 specific. The .gal file is provided as a .txt file in a tab-delimited format (see Table S3 in the supplemental material).
Virulence and data analysis. The virulence of the C. neoformans strains was assessed using a murine inhalation model of cryptococcosis as described previously (15) . Ten female A/Jcr mice were inoculated intranasally with 5 ϫ 10 5 C. neoformans cells of the wild-type (H99), gcn5⌬ mutant (TOC1), or gcn5ϩGCN5 complemented strain (TOC3). Mice were monitored daily for signs of infection and were sacrificed at predetermined clinical endpoints predicting mortality. The statistical significance between the survival curves of all animals infected with each strain was evaluated using the log rank test (JMP software; SAS Institute, Cary, NC). Cell counts were analyzed using Student's t test. All studies were performed in compliance with the institutional guidelines for animal experimentation.
RESULTS
Identification of the C. neoformans homologue of S. cerevisiae Gcn5. In a search of the C. neoformans genome for transcriptional regulators that may be involved in the response to host stresses, we identified the C. neoformans homologue of the S. cerevisiae acetyltransferase protein Gcn5 (gene identification [ID] CNAG_00375). Compared with S. cerevisiae, the C. neoformans Gcn5 protein has a conserved histone acetyltransferase domain (71% identity) and a conserved bromodomain (53% identity) (Fig. 1A) . The bromodomain of Gcn5 is thought to be involved in the interactions between the acetyltransferase and the histone, and it is required for stabilizing the association between other components of the SAGA complex and the promoters of target genes (9, 59) . Of the 19 predicted C. neoformans proteins containing an acetyltransferase domain, only this putative Gcn5 orthologue also contains a bromodomain. Comparison of the C. neoformans protein with Candida albicans Gcn5 showed similar sequence conservation for these two domains. Further in silico analysis revealed that the C. neoformans genome also contains predicted orthologues for the majority of the other elements of the SAGA complex, including the major components Spt3 and Ada2p (Table 1) . Notably, it is missing a clear orthologue of Spt20, which is essential for the structural integrity of the SAGA complex in S. cerevisiae. ClustalW alignment showed that the S. cerevisiae and C. neoformans orthologues of Gcn5 have the highest degree of sequence similarity among all of the SAGA complex proteins.
C. neoformans Gcn5 complements an S. cerevisiae histone acetyltransferase mutant. Despite conserved functional domains, the CnGcn5 protein has a predicted extended N-terminal region that is quite divergent from the S. cerevisiae Gcn5 protein (27% identity). To determine if CnGcn5 is a functional Gcn5 orthologue, we generated a transgenic S. cerevisiae gcn5⌬ (Scgcn5⌬) strain expressing CnGcn5. The CnGCN5 cDNA was expressed under the S. cerevisiae GAL7 (ScGAL7) inducible promoter, using the pYES yeast expression vector. The S. cerevisiae gcn5⌬ mutant is unable to grow at 35°C and exhibits slow growth even at 25°C. Under inducing conditions, the transgenic strain expressing CnGcn5 was able to grow well at 25°C after 2 days, unlike the Scgcn5⌬ mutant strain. At 30°C, expression of CnGCN5 also supported growth of this strain after 3 days. The transgenic strain failed to grow at 30°C on glucose-containing medium, in which CnGCN5 expression from the GAL7 promoter would be repressed (Fig. 1B) . This established a conserved function between CnGCN5 and ScGCN5, suggesting that CnGcn5 is also a histone acetyltransferase.
Gcn5 is involved in stress tolerance. The S. cerevisiae and S. pombe gcn5⌬ mutants display defects in the cellular response to many stresses, including elevated temperatures, high salt concentrations, and nutrient deprivation. The effect of Gcn5 on the cell response to stress is linked to its activity as a histone acetyltransferase and transcriptional regulator. The SAGA complex is recruited by activator proteins such as Gcn4 to the promoters of stress response genes, which leads to the transcriptional induction of these genes (33, 66) . During osmotic stress, Gcn4 has been shown to bind to the promoter of HAL1, a regulator of the ion transporter Ena1, and is necessary for the induction of HAL1 gene expression and subsequent salt/ osmotic tolerance (47) .
To investigate the role of Gcn5 in C. neoformans, we created the gcn5⌬ strain TOC1 in which we replaced the entire gene coding region with the nourseothricin resistance marker. Deletion of the gene was confirmed by both PCR and Southern blot analysis. To ensure that all mutant phenotypes observed were due to deletion of GCN5, we complemented the strain by integrating the wild-type allele into the gcn5⌬ mutant strain, creating gcn5⌬ϩGCN5 strain TOC3. In this strain, all mutant phenotypes were complemented.
To determine if the C. neoformans Gcn5 protein controls responses to stresses that are relevant for pathogenesis, we examined growth of the mutant strain under various host stress conditions. One of the major stresses that C. neoformans encounters in the host is high temperature, and strains with defects in high-temperature growth are generally avirulent (49) . When incubated on rich medium at 37°C, the gcn5⌬ strain had a significant delay in growth compared to the wild type ( Fig. 2A) . In contrast, the C. neoformans gcn5⌬ strain had Gcn5  CNAG_00375  44  Spt3  CNAG_05290  34  Tra1  CNAG_07377  29  Spt7  CNAG_03850  16  Ada3  CNAG_04674  18  Taf5  CNAG_05428  27  Spt8  CNAG_06597  30  Spt20  No homologue  Taf12  CNAG_06861  19  Taf6  CNAG_02536  19  Ada1  No homologue  Ada2  CNAG_01626  37  Sgf29  CNAG_06392  16  Taf10  CNAG_01972  21  Taf9  CNAG_07565 Concomitantly, we observed that the gcn5⌬ mutant strain has increased sensitivity to oxidative stress at 30°C. Reactive oxygen species (ROS) are a primary mechanism of host defense against microbial invasion (27, 67) . Hydrogen peroxide disc diffusion assays showed a larger zone of inhibition for the gcn5⌬ mutant (50 mm) than for the wild type (45 mm). Incubation of cells with 5 mM hydrogen peroxide in liquid culture also demonstrated that the gcn5⌬ mutant strain is more sensitive to oxidative stress than is the wild type. The increased sensitivity of the gcn5⌬ mutant strain was also observed in liquid medium. When both strains were incubated in Dulbecco's modified Eagle's medium and subjected to 5 mM hydrogen peroxide for 3 h, the gcn5⌬ mutant cells demonstrated 73.7% (Ϯ2.9%) survival compared to wild-type cells. In contrast, the gcn5⌬ strain had no growth defect compared to the wild type when incubated with other stresses, such as low nutrient (YNB) or high salt concentrations (Fig. 2B) , or with the cell wall stressors SDS and caffeine (data not shown). There was also no defect for the gcn5⌬ mutant strain in melanin production, an important virulence factor, when incubated on the melanin-inducing Niger seed medium at 30°C (data not shown).
Gcn5 is localized to the nucleus. In some protozoan parasites, the N-terminal region of Gcn5 orthologues is used as a nuclear importation signal, and nuclear localization is necessary for function as a histone acetyltransferase (8) . Therefore, in order to determine whether Gcn5 function is regulated by localization, we created a GFP-Gcn5 fusion protein and examined localization under inducing and noninducing conditions. We fused the green fluorescent protein gene to the N terminus of the GCN5 gene and expressed it under the control of a constitutive histone promoter. We introduced this plasmid (pTO1) by biolistic transformation into the gcn5⌬ mutant strain to create the gcn5⌬ϩgfp-GCN5 strain TOC5. We showed that the fusion protein was functional by complementation of temperature sensitivity and other gcn5⌬ phenotypes (data not shown). Using epifluorescent microscopy, we observed a nuclear pattern of localization after growth for 24 h in YPD both at 30°C and under high-temperature stress at 37°C (Fig. 2C) . We also observed nuclear localization after induction in DMEM (data not shown). Therefore, in contrast to some other pathogens, the CnGcn5 localization appears to be constitutively nuclear.
Gcn5 regulates capsule in C. neoformans. Upon entering the infected host, C. neoformans induces a large polysaccharide capsule. This structure protects the fungal cells in many ways, including inhibiting phagocytic cell function and activating complement distant from the cell surface (14, 54, 61) . To determine whether Gcn5 is involved in regulating this hostspecific phenotype, we incubated wild-type and gcn5⌬ mutant cells in Dulbecco's modified Eagle's medium (DMEM) at 30°C as an inducing condition for polysaccharide capsule. To observe the capsule size, we stained the cell background with India ink and examined the zone of exclusion around the cells. Microscopic analysis of the cells established that the gcn5⌬ mutant strain demonstrated a significantly decreased capsule size compared to that of the wild type (Fig. 3A) . When the cells were incubated in DMEM at 37°C and 5% CO 2 to more accurately mimic human physiological conditions, the gcn5⌬ mutant strain did not display visible capsule by India ink exclusion. This capsule defect is not due to the previously demonstrated growth defects at 37°C, as the gcn5⌬ strain eventually grows to saturation at this temperature, albeit at a lower rate. The gcn5⌬ mutant displayed markedly decreased capsular phenotype even when incubated to saturation. Additionally, it also failed to produce capsule when incubated in either low-iron medium or 10% Sabouraud medium, two distinct growth conditions that also induce capsule in wild-type strains (data not shown).
Recent work has shown that certain mutants that do not demonstrate surface capsule may still secrete wild-type levels of exopolysaccharide, presumably due to defects in capsule attachment instead of capsule secretion or biosynthesis (46) . Therefore, the gcn5⌬ acapsular phenotype was further explored by testing the culture filtrate for secreted exopolysaccharide. This allowed us to differentiate between defects in capsule production, secretion, and attachment. Strains were incubated to equal cell densities in DMEM for 1 week at 30°C to induce capsule, after which the medium was heated to denature enzymes and filtered to remove cellular debris and to isolate secreted capsular polysaccharides. The filtrate was separated by electrophoresis on a 0.6% agarose gel, transferred to a nylon membrane, and immunoblotted with an anti-GXM capsular antibody (monoclonal antibody [MAb] 18b7) (65) . Compared to the wild type, the gcn5⌬ mutant strain secreted capsular polysaccharide with a distinct pattern of electro- phoretic mobility. In this semiquantitative assay, the gcn5⌬ polysaccharide is present at amounts comparable to those of the wild type but displays a migration pattern consistent with a lower-molecular-weight species (Fig. 3B ). This result is in contrast to the secretion-deficient cap59⌬ strain that displays no detectable exopolysaccharide by this assay (13) . Therefore, the gcn5⌬ mutant makes an amount of capsule polysaccharide similar to that of the wild type. However, this polysaccharide displays defective surface attachment and reduced molecular size. C. neoformans gcn5⌬ mutant strain is avirulent. In order to be virulent, pathogens must be able to respond to the stresses encountered within the human host. To test whether the gcn5⌬ mutant strain is able to cause disease despite defects in host stress response and capsule production, we used the murine inhalation model of cryptococcosis. Ten female A/Jcr mice per strain were inoculated intranasally with 5 ϫ 10 5 CFU of the wild-type (H99), gcn5⌬ (TOC1), or gcn5⌬ϩGCN5 (TOC3) strains. Mice were monitored for survival and sacrificed at predetermined clinical endpoints for mortality. Mice infected with the wild-type or complemented gcn5⌬ϩGCN5 strains had complete mortality after 18 days; there was no statistically significant difference between the strains. As expected from the in vitro stress-sensitive phenotypes of the gcn5⌬ mutant, mice infected with this strain survived the entire length of the experiment with little evidence of clinical disease (Fig. 4) .
A histone acetyltransferase inhibitor phenocopies the gcn5⌬ mutant strain for temperature sensitivity. In a wide range of systems from yeasts to humans, histone acetyltransferase activity can be inhibited by specific drugs. We examined two drugs, garcinol and anacardic acid, for their ability to mimic the gcn5⌬ mutation. We primarily examined the effect of garcinol, a polyisoprenylated benzophenone derivative, with documented histone acetyltransferase activity inhibition (6) . Addition of garcinol to wild-type C. neoformans cells phenocopied the temperature sensitivity of the gcn5⌬ mutation. After 24 h of incubation, addition of 0.5 M garcinol to wild-type cells caused a statistically significant growth defect at 37°C and not at 30°C. At 5 M, growth at 37°C was completely inhibited (Fig. 5A) . We further investigated garcinol-induced temperature sensitivity by performing a growth curve with and without garcinol at 37°C for both the wild-type strain and the gcn5⌬ mutant strain. Addition of 0.8 M garcinol caused a severe defect in growth for the wild-type strain. Again, after 24 h, there was no statistically significant difference in growth between the garcinol-treated cells and the gcn5⌬ mutant cells (Fig. 5B) . However, treatment of the gcn5⌬ mutant cells with 0.8 M garcinol led to death of the strain after 24 h. This suggests that garcinol has off-target effects in addition to Gcn5 inhibition. Therefore, we examined the effect of a second histone acetyltransferase inhibitor, anacardic acid. Similar to the effect of garcinol, treatment with 10 M anacardic acid induced temperature sensitivity in the wild-type strain (see Materials and Methods; also, data not shown).
We also tested whether compounds with antifungal activity displayed additive effects with Gcn5 inhibition. The gcn5⌬ strain was more sensitive than the wild type to the antifungal effects of FK506, even at 30°C (Fig. 5C ). FK506 acts by binding to FKBP12 and actively inhibiting the calcineurin pathway (44) . FK506 has maximum efficacy at 37°C, as blocking the calcineurin pathway leads to abolishment of growth at elevated temperatures (44, 45) . This increased sensitivity to drug was not due to a general defect in drug resistance, as the gcn5⌬ mutant strain and the wild type had similar MICs against the antifungal drug fluconazole at 30°C.
Gcn5 regulates the expression of genes involved in host stress response. Phenotypic analysis demonstrated that the C. neoformans gcn5⌬ mutant is defective in responding to several host-related stresses, including elevated temperature, oxidative The gcn5⌬ mutant strain is able to secrete polysaccharide. Electrophoretic mobilities and quantities of shed polysaccharide from 3 C. neoformans strains were assessed by an immunoblotting technique of culture medium filtrate, using an anti-GXM antibody to probe for capsule as previously described. Cells were incubated in DMEM for 1 week at 30°C before being filtered. The arrow indicates the direction of electrophoresis. The cap59⌬ mutant is included as a negative control as this strain secretes no discernible capsular polysaccharide. stress, and capsule-inducing conditions. We hypothesized that this is due to an inability to regulate adaptive transcriptional responses through chromatin remodeling. Without Gcn5, it is likely that the strain is unable to appropriately acetylate histones, and thus, the strain is unable to recruit the transcriptional complexes needed to induce gene expression. Therefore, to determine which processes are transcriptionally regulated by Gcn5, we performed comparative transcriptional profiling between the wild type and the gcn5⌬ mutant strain. Both the wild-type and the gcn5⌬ mutant strains were incubated for 3 h in DMEM at 37°C to mimic host conditions, so that all differences in gene expression can be attributed to the mutation of Gcn5. The RNA was purified and hybridized against a C. neoformans serotype A/D genome microarray, which uses 7,738 70-mer probes to represent all predicted genes in the C. neoformans genome. Our results indicate that 417 putative genes in this growth condition are significantly differentially regulated in the gcn5⌬ mutant strain (Table 2; see also Table  S1 in the supplemental material). We examined the transcriptional profiling data to identify genes that may offer mechanisms for the observed phenotypic defects in the gcn5⌬ mutant strain. When examining mechanisms for the capsule defect, we found that Gcn5 regulates the expression of multiple glucosidases, including Kre61, which are involved in cell wall biosynthesis and capsule architecture (24, 25) . Reverse transcription-PCR (RT-PCR) results confirmed a 6-fold-decreased expression of Kre61 in the gcn5⌬ strain compared to the wild type (data not shown). ␤-Glucan synthases also had lower expression in the mutant strain, suggesting that alterations in cell wall structure may occur in the gcn5⌬ mutant strain, with resulting defective capsule attachment.
Two categories of genes that demonstrated increased transcription in the wild-type strain compared to the gcn5⌬ mutant strain (potential Gcn5-dependent induction) were those encoding transcription factors and kinases. Therefore, in addition to directly regulating gene expression by histone acetylation, Gcn5 may also indirectly regulate gene expression and protein activity. In contrast, several mitochondrial and ribosomal genes showed decreased expression in the wild type, suggesting that Gcn5 normally acts to repress these genes.
Two putative catalase A proteins demonstrated decreased expression in the gcn5⌬ mutant strain, perhaps leading to the increased sensitivity of the gcn5⌬ mutant to hydrogen peroxide. In addition, FKBP12, the binding target of the drug FK506, showed increased expression in the gcn5⌬ mutant compared to that in the wild type, perhaps resulting in increased sensitivity to FK506 since FK506-FKBP12 binding is the mechanism of this drug's toxicity to the cell.
DISCUSSION
Our results indicate that Gcn5 plays a critical role in C. neoformans adaptation to the host. In many organisms, Gcn5 orthologues serve as histone acetyltransferases within large, multisubunit chromatin remodeling complexes, such as the SAGA complex. In S. cerevisiae, the SAGA complex is important in global transcriptional activation and in regulating the expression of highly inducible stress response genes (33) . This complex is directed to the promoters of target genes by activators such as Gcn4p, Snf1p, and Gal4p. Once at the promoters, the histone acetylation of H3 and H2B allows transcriptional activation of these target genes (29, 34, 41) . We have found putative homologues for the majority of the components of the yeast SAGA complex in the C. neoformans genome, with two exceptions: Spt20 and Ada1 were not readily identifiable by sequence homology. Of those genes present, the Gcn5 protein showed the most sequence identity, with the acetyltransferase and bromodomains sharing 71% and 53% identity, respectively. C. neoformans has a unique extended N-terminal domain. This sequence divergence did not prevent the CnGcn5 protein from complementing the S. cerevisiae gcn5⌬ mutant defects in high-temperature growth, thus establishing a conserved histone acetyltransferase activity for CnGcn5. Although the N termini of other Gcn5 orthologues determine regulated subcellular localization, we have demonstrated that CnGcn5 appears to be constitutively localized to the nucleus. 
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O'MEARA ET AL. EUKARYOT. CELL C. neoformans exists in a niche very different from that of S. cerevisiae. As both an environmental fungus and an opportunistic pathogen, C. neoformans must be able to respond to a wide variety of stresses. Inside a human host, the pathogen is subjected to high CO 2 , high temperatures, low iron, nutrient starvation, and osmotic stress. As a facultative intracellular pathogen, it also has to survive inside the macrophage, where it is subjected to the acidity of the phagolysosome and the oxidative bursts of the host cells. In response to the host, C. neoformans induces the virulence factors melanin and polysaccharide capsule, and it additionally initiates multiple signaling pathways for adapting to host stress. The Hog1/MAPK pathway uses a two-component system to sense extracellular signals and regulate expression of genes involved in osmotic, antifungal, and heat stresses, among others (2, 3, 4, 35) . The cAMP pathway uses G-protein-coupled receptors to sense the host environment and to activate several transcription factors, such as Nrg1 and Rim101, to regulate stress gene expression and production of capsule and melanin (1, 16, 46, 51) . Additionally, the Ras and calcineurin signaling pathways are required for adaptation to high-temperature growth (7, 36, 43, 45) . This demonstrates that this pathogenic microorganism uses numerous pathways to regulate adaptation to the host. However, the role of chromatin remodeling in C. neoformans response to the host was previously unknown.
In other pathogens, the elements of the SAGA complex have recently been implicated in regulating pathways that are essential for virulence. Sellam et al. demonstrated that defects in the Ada2 protein in Candida albicans lead to poor protein folding, hypersensitivity to oxidative stress and antifungals, and defects in virulence (57) . In addition, although the Spt3 protein is required for pseudohyphal and invasive growth in S. cerevisiae, spt3⌬/spt3⌬ mutants of C. albicans are hyperfilamentous. Interestingly, the spt3⌬/spt3⌬ mutant is avirulent in animal models of candidiasis, confirming the importance of reversible yeast-hyphal transitions in this fungal pathogen and showing the involvement of the SAGA complex regulation of gene expression in C. albicans virulence (38) . These data demonstrate that the gene targets of conserved histone acetyltransferase complexes may differ according to the environmental niche, but the overall importance of gene regulation by histone acetylation is maintained in very divergent species. Other pathogens, such as the malaria parasite Plasmodium falciparum, also maintain homologues of the SAGA complex. Moreover, treatment with histone acetyltransferase inhibitors causes changes in global gene expression and parasite development, indicating that chromatin remodeling as a mechanism for responding to the host environment is not limited to fungal pathogens (17, 20) . Given these prior results, we hypothesized that chromatin remodeling and transcriptional regulation via Gcn5-mediated histone acetyltransferase activity would be an important way for C. neoformans to rapidly adapt to host conditions. In this study, we show that C. neoformans Gcn5 regulates processes required for survival within a human host, such as growth at 37°C, resistance to ROS, and capsule attachment to the cell wall (10, 21, 26, 43, 44, 45) . In light of the capsule and host stress response defects, the gcn5⌬ mutant strain had an expected attenuation in virulence in the mouse inhalation model of cryptococcosis. We also demonstrated that histone acetyltransferase inhibitors are able to result in temperature sensitivity of C. neoformans, similar to mutation of the GCN5 gene.
To better understand the mechanism underlying gcn5⌬ mutant phenotypes, we examined the genes that were differentially transcribed in the mutant strain compared to the wild type after incubation under in vitro conditions that are similar to those encountered within the infected host. We found that two putative catalase A genes had decreased expression in the gcn5⌬ mutant strain. Previous studies indicated that overexpression of C. neoformans catalase genes increases resistance to hydrogen peroxide, confirming their role in protection from oxidative stress. However, none of the catalase gene mutations, either singly or in combination, had significant effects on virulence (27) . Giles et al. (27) concluded that this was most likely due to redundancy in oxidative stress resistance from the presence of other oxidative stress response pathways. Other studies have also shown that capsule is also important in regulating resistance to oxidative stress, presumably by acting as a buffer against the reactive oxygen species (67) . In liquid culture, shed wild-type capsule acts to protect cells from killing by hydrogen peroxide. Therefore, a combination of alterations in capsule attachment, capsule structure, and catalase gene expression may explain the increased sensitivity to oxidative stress in the gcn5⌬ mutant strain.
Our phenotypic analysis also revealed gcn5⌬ mutant defects in polysaccharide attachment to the cell wall. When we examined shed polysaccharide content, we determined that the gcn5⌬ mutant strain produces and secretes capsule, but India ink staining demonstrated that the secreted polysaccharide is not being maintained at the cell wall. This is similar to defects previously documented in the rim101⌬ mutant strain, where the cell is unable to anchor the capsule (46) . Previous studies on the capsule have implicated cell wall biosynthesis as important in capsule attachment to the cell. A monoclonal antibody against ␤-glucan inhibits capsule formation around the normally encapsulated wild-type C. neoformans (52) . This effect is presumably caused by preventing capsule attachment to the cell wall, although interference with capsular export could not be excluded. The ␣-glucan synthase enzyme activity, which is important in developing cell wall structure, is also required for C. neoformans capsule attachment to the cell surface (53) . Therefore, we examined the transcriptional profiling data for cell wall biosynthesis genes that may be involved in capsule attachment. Our microarray data indicated that several ␤-glucosidases were differentially expressed in the gcn5⌬ mutant compared to the wild type. Kre61, a member of the Skn1/Kre6 family, had 8.2-fold-higher expression in the wild type than in the mutant strain, and it is one of the most highly differentially regulated genes. ␤-Glucosidases have previously been shown to be important in cell wall biosynthesis, capsular architecture, and virulence (24, 25) , although Kre61 had no major defect as a single mutant. We also observed Gcn5-dependent expression of other putative glucosidases and ␤-glucan synthases that may also be involved in cell wall biosynthesis and capsule attachment.
When examining our microarray data for other genes involved in host response, we determined that Tor1 and a putative calcineurin A subunit had differential expression in the wild type compared to the gcn5⌬ mutant strain. We observed a 2.2-fold decrease in a putative calcineurin A gene expression in the gcn5⌬ strain, which may explain some of the phenotypes that we observed. The calcineurin pathway activates the transcription of genes necessary for growth at high temperatures, high concentrations of carbon dioxide or salt, and growth in alkaline pH (22, 36, 45) . We also observed a 2.9-fold increase in the expression of FKBP12 in the gcn5⌬ mutant strain compared to the wild type. The drug FK506 targets FKBP12, and the accumulation of this complex inhibits the activity of calcineurin (45) . An increase in FKBP12 expression is likely to cause the increased sensitivity to FK506 that we observed in the gcn5⌬ mutant strain.
We also demonstrated that Gcn5 is important in negatively regulating a large number of genes involved in mitochondrial and ribosome processes. This is likely due to acetylation and transcriptional activation of repressors. During host stresses, such as high temperature, reactive oxygen species, or nutrient deprivation, a common cell response is to repress metabolism and protein biosynthesis. Previous work on C. neoformans gene expression during macrophage infection showed that this condition represses 38 known components of the translation machinery (21) . In the absence of Gcn5, C. neoformans is unable to repress the expression of many mitochondrial and ribosomal genes. Multiple ribosomal subunits, NADH-ubiquinone oxidase proteins, and cytochrome c oxidase proteins, among others, showed increased expression in the mutant strain relative to the wild-type response to inducing conditions. In summary, CnGcn5 is able to transcriptionally regulate many genes through chromatin remodeling by acting as a histone acetyltransferase. This highly conserved protein function has been coopted by numerous organisms to regulate the expression of distinct gene sets required for survival in unique microenvironments. Among microbial pathogens, divergent species use histone modification to control the expression of those phenotypes required for survival within their particular host environment. Therefore, histone acetyltransferases may be useful antimicrobial drug targets.
